Wireless power transfer (WPT) techniques are being popular currently with the development of midrange wireless powering and charging technology to gradually substitute the need for wired devices during charging. Unmanned Aerial Vehicles (UAVs) are also being used with many practical purposes for agriculture, surveillance, and healthcare, etc. There is a trade-off between the weight of the UAVs or their batteries and their flying time. In order to support those UAVs perform better in their tasks, WPT is applied in UAVs to recharge batteries which help to increase their working time. This paper highlights up-to-date studies that are specific to near-field WPT deploying into UAVs. The charging distances, the transfer efficiency, and transfer power, etc. are considered to provide an overview of all common problems in using and charging UAVs, especially for autonomous landing and charging. By classification and suggestions in specific problems will be provided opportunities and challenges with respect to apply near-field WPT techniques for charging the battery of UAVs and other applications in the real world.
Introduction
The utilization of rotary-wing unmanned aerial vehicles (UAVs), with single, or multiple rotors, has gained significant interest in recent years. UAVs can be equipped with cameras, sensors, objects to deliver, etc. to be able to perform various tasks such as surveillance and military [1] [2] [3] , search and rescue [4] [5] [6] , remote sensing [7] [8] [9] , etc. and especially will be the core of the telecommunications infrastructure supporting the Internet of Things (IoT) vision [10] . Commercial UAVs often come with lithium batteries that generate a flying time of about 20 to 40 minutes [11] . With limited operating time, UAVs may fail on several tasks, especially in missions where continuity is critical, for example in the military, monitoring production lines, etc. Based on the aforementioned problem, the reliable power transmission between the base-station and UAVs. These techniques help UAVS to expand its capabilities, able to complete long-term tasks that reliable and durable are required.
Wireless Power Transfer (WPT) techniques can be divided into two categories: far-field WPT (FF-WPT) and near-field WPT (NF-WPT). FF-WPT techniques have long ranges of operation, often multiple kilometer ranges. Besides, the microwave-based FF-WPT can simultaneously transmit data and energy [23, 24] . Thus, FF-WPT techniques are suitable for various applications [25, 26] where the power transmission efficiency is not the most important issue [27] . However, FF-WPT techniques have many drawbacks such as low power transmission efficiency [28, 29] , safety, security, etc. that would not meet the requirement to charge UAVs.
In contrast, there are another category of WPT is near-field WPT which includes capacitive coupling (CC), inductive coupling (IC) and resonant inductive coupling (RIC). Near-field WPT techniques have the operating range is much smaller than far-field WPT, often from a few centimeters to a meter. This kind of WPT technique transfer the power based on the electric field for CC between metal electrodes or magnetic field for IC and RIC between coils of wire, respectively [30] . The advantage of near-field compared to far-field WPT techniques is that the energy transfer efficiency and the reliability of near-field WPT techniques are much higher than another one. Thus, near-field WPT techniques are more suitable for charging UAVs due to the high efficiency and potential distances (0 to a few meters). With the help of near-field WPT techniques, UAVs can land on charging pads without any wire connections and perform the wireless charging process.
In this work, we focus on reviewing near-field WPT (NF-WPT) techniques for wireless charging UAVs. Besides, some recent autonomous landing and charging algorithms operated without any human intervention for persistent missions of UAVs in outdoor environments are also reviewed, as shown in Fig. 1 . In Section 2, we describe the general algorithm for controlling UAVs that return from working position to the charging station along with the recently proposed methods. Near-field WPT techniques for wireless charging UAVs batteries in Section 3. Opportunities and challenges for wireless charging UAVs working in different purposes at different positions are highlighted in Section 4. Finally, in Section 5, conclusions and further works are discussed.
Autonomous Landing Algorithms
Nowadays, unmanned aerial vehicles (UAVs) are widely used in many different fields and purposes such as inspection, surveillance and policing, etc. However, one of the main reasons that limit UAVs performance is its short battery life. According to a reference [31] , it takes at least half the battery life for UAVs to return to the ground charging station to charge one way. When UAVs return to the charging station, there are two main ones to charge for UAVs, namely (1) recharge locally or (2) replace batteries. Due to the inability to have the manpower to do so, both of these methods require sophisticated and precise machine components. This is very difficult when UAVs operate in difficult weather conditions such as rain or snow. In Original (1 st Figure 2 . Automatic landing algorithm at the UAVs side this case, autonomous landing and wireless charging via electromagnetic field are more suitable due to safer and manageable abilities for unaligned landing.
The process of returning to the charging station from the original or working position and starting charging wirelessly of UAVs consists of two main steps: (1) return from operating position and return to the charging position via GPS, (2) land on the charging pads and start charging via electric or magnetic field, as shown in Fig. 1 . In order to UAVs can return to the charging station and perform the wireless charging process effectively, in addition to having to improve the efficiency of near-field charging methods, a robust and reliable algorithm also should be investigated. Thus, UAVs can land exactly on wireless charging pads and achieve the highest wireless charging performance. In this section, we review methods in both two steps as mentioned above, from the time UAVs start return to the charging area to finish the wireless charging process.
Besides the problem of controlling UAVs return to the charging station, the issue of location stability for UAVs to collect data from sensors must also be noted. However, recent UAVs stabilization algorithms have done well and depending on the different applications, the location stability requirements will vary. For example, in applications that use UAVs to monitor and send video to the server [32, 33] , it is necessary that the video must be stable and minimize vibration. Another example is when using UAVs to collect data in the forest [34] [35] [36] about temperature, air humidity, etc. UAVs only need to stand still for a moment to collect the data from the sensors, thus it is not requiring robust and reliable position stability. For that reason, in this section, we only mention the control algorithms from when UAVs begin the return to the charging station and the process of determining the exact location of the charging point to land.
In order to perform the autonomous landing task on the charging pads, UAVs could be equipped with cameras, GPS systems, etc. and control algorithms to drive from working position to the charging station. As illustrated in Fig. 2 , followed by the algorithm deployed in [31] , when UAVs batteries are at a low level, it will go to the charging station by using GPS data. However, the position accuracy of the GPS system is as low as 3.0 m Circular Error Probable (CEP) (50%). Thus, from 3.0 m of diameter, UAVs switch to bottom cameras to detect the exact location of the ground station and land on it by using marks as indicators of the charging pads. Some methods that use indicators to support UAVs landing can be mentioned as [37] [38] [39] [40] .
After UAVs detected marks, one should be built a robust and flexible control algorithms to control UAVs land exact on the charging pads. There have been many different controllers applying for UAVs such as linear controllers, nonlinear controllers, and intelligent controllers in [41] . Position and attitude control of a quad-rotor based on linear and nonlinear controllers were discussed in [42] . The linear controllers include the PID controller, Linear-quadratic regulator (LQR) controller, optimal H ∞ , and state feedback controllers. Nonlinear control techniques consist of model predictive control, back-stepping, sliding mode control, adaptive control, optimal control and Lyapunov based controllers. The other controllers use artificial intelligence tools such as neural networks, fuzzy logic inference systems, genetic algorithms, and reinforcement learning algorithms. Recently, a controller for path following of a quad-rotor UAV [43] was proposed and an attitude tracking control of a quad-rotor UAV [44] was provided. With these classical and state of art controllers, quad-rotor UAVs can be stabilized at a point in space and regulated to follow the desired path. 
Near-field WPT methods
After autonomous landing on the charging pads, the system starts the process of charging wirelessly for UAVs through different methods. Once fully charged, the UAVs take-off the charging station and continue to perform the task. WPT technology is a great solution to eliminate the loss of wired transmission power generated by wire resistance. Near-field WPT techniques include capacitive coupling (CC), inductive coupling (IC) and resonant inductive coupling (RIC). In each following section, we review recent methods as well as issues and proposed methods for improvements in energy transfer performance.
Capacitive Coupling
In this section, we introduce the fundamental structure and operating principle of a typical capacitive coupling wireless power transfer (CCWPT). Besides, methods proposed recently to improve the efficient operation of capacitive coupling power transmission are also reviewed.
General principle.
A typical capacitive coupling wireless power transfer (CCWPT) system is divided into two sides, that is, the transmitter side, Tx (left) and the receiver side, Rx (right), as shown in Fig. 3 . On the left hand side is DC source, inverter converted DC source to AC, compensation circuit. On the remaining side is compensation circuit, rectifier converted AC source from Tx to DC and the load, UAVs. The most important component, capacitive coupler, is placed in the middle of the system. The basic operating principle of a CCWPT system is the induced electric field between two plates via the electric field which is formed when AC source is connected and the suitable oscillated frequency.
Capacitive coupling WPT (CCWPT) techniques have several advantages that can be mentioned as low cost, high transferred power efficiency, etc. [45] . With its characteristics, CCWPT techniques are often used in application where the distance is short and low power, such as integrated circuits [46] , bio-medical devices [47, 48] , LED lighting [49] , USB and mobile device charging [50, 51] , especially for UAVs wireless charging [38, 52, 53] . Besides, its power can increase to kW level to apply for high power areas such as synchronous machine excitation [54] [55] [56] , electric vehicles [57] [58] [59] , etc.
CCWPT methods. We review recent methods proposed to improve the output voltage charging for UAVs via CCWPT. In addition, wireless charging systems for actual deployment UAVs are also listed. We classify proposed methods into three improved categories: (1) operating frequency; (2) compensation and (3) some deployed wireless charging system.
Operating frequency The inverter components in the CCWPT circuit have the function of converting DC from the power source to AC for wireless power transmission. Alternating current is induced and produces AC voltage on the receiver side which is formed by electrostatic induction [60] . The transmitted power is proportional to the square of the frequency, voltage, and capacitance between the plates. If the obtained capacitance is very small, the simple resonant circuit limits the transferring or high-quality factor cause the system unstable [61] . The chosen of highfrequency operation and impedance transformation is a viable solution to overcome this issue.
In order to adapt the high frequency and moderate voltage operation, Mitchell Kline et al. in [62] designed a CCWPT system using series resonances and automatic tuning loops. The proposed design ensures the circuit can operate at the pertinent frequency and achieve maximum efficiency over various values of coupling capacitance and load conditions. In addition, the choice of high frequency for wireless power transmission can be combined with the data transmission. Thus, the system can both charge and transmit data on the same interface. For example, in [63] , Asish Koruprolu et al.
proposed a system that used CCWPT techniques for both transmit power and data simultaneously over the same channel. The data transfer rate is at 170-kbps of 1-MHz of operating resonant frequency and the power transfer efficiency achieved 70%. Alternatively, in [64] , the measured power transfer efficiency, from DC input to DC output, is 90.5% and at a data rate of 119-kbps. Thus, the utilization of high frequencies in CCWPT techniques can enable UAVs to transfer data simultaneously along to the charging process. This helps UAVs save more energy due to transmit data continuously to the server.
On the other hand, Kang in [61] used higher operating frequency, 6.78-MHz which is one of the popular ISM bands to transfer energy due to other applications instead of using 13.56-MHz of the operating frequency. Besides, their system consists of additional components such as a class D inverter, LC filter, and impedance transformation circuit such as step-up and step-down transformers. This addition helps improves the coupling capacitance and reduces the Q-factor. As a result, the proposed CCWPT system supplied the power to the 4-W/800-mA output for mobile device chargers.
The aim is reducing the switching loss at the transmitted side, Yusop et al. in [65] , instead of using a class-D inverter as previous authors, they used the class-E resonant inverter to perform DC-to-AC. Another main component in their design is the frequency tracking which is used to check the difference in distance between the plates so that the circuit will be adjusted in the operating frequency accordingly. The result showed that with the frequency of 1-MHz and 0.25-mm coupling gap, the efficiency can achieve at 96.3% and maintains within 96.3% -91% tune the operating frequency in response to change in the coupling gap. Alternatively, Kang in [66] proposed a method to solve two issues, those are reducing the impedance of the coupling capacitor and switching loss. For the first one, the author used glass as dielectric layers that make the impedance of the capacitive coupling becomes smaller and thus transfer the power more effective. On the other hand, LLC resonant has the effect of reducing switching loss that is a turn-on and turn-off loss of the power MOSFET and rectifier, respectively. By changing some components in the circuit, the system consumes less power and at the same time higher output power.
Compensation As a typical CCWPT system illustrated in Fig. 3 in which a pair of capacitors form the coupling interface. The reactance of the capacitive coupling is inversely proportional to the operating frequency, that is, the higher the operating frequency, the smaller the reactance. If increasing this frequency to a certain threshold, the reactance of the capacitive coupling reaches the minimum value and this frequency is also called self-resonant frequency. The resonant capacitive coupling has many advantages over non-resonant capacitive coupling such as inverter can perform Zero voltage Switching or Zero Current Switching, the voltage across the capacitor and inductor are higher than that of the supply voltage, etc. However, the self-resonant frequency of a capacitive coupling system is usually very high, up to several MHz which will cause many problems such as switching loss, etc. In order to aid the capacitive coupling to attain resonance at a lower frequency, adding a compensation network included a combination of inductors and capacitors in series or parallel or series-parallel is a useful solution. There are various issues to consider when adding compensation networks, thus following this section are proposed methods that used compensation capacitors in both single sides and double-sides to help the system resonant at a lower frequency.
The CCWPT in [67] is an example of using the compensation network to not only reduce the resonant frequency and also increase the air-gap between the plates and still achieve energy transfer efficiency. The system is divided into two sides, the full-bridge inverter which provides AC and excitation to the resonant circuit in one side, compensation components which include the inductor L, capacitor C and capacitive coupler in both sides and the last is the rectifier circuit that converts AC to DC in the remaining side. Due to the characteristic of basic CCWPT circuits, to achieve as high as coupler capacitance in the range of pF, it requires a very high operating frequencies that lead to many issues. Therefore, the LC-compensation is connected with a capacitive coupler to increase the capacitance while reduce operating frequency. As a result, the system's maximum output power is around 100-W with 150W of input power at 1.5 MHz of frequency and an air-gap of 180 mm.
Not only focus on compensation components, in paper [68] , Zhang et al. also proposed the design of improving plate structures. For plates structure, the four-plates arrange vertically instead of horizontally and different sizes to save space that very helpful in special applications such as charging for UAVs. Besides, the author used the LCL compensation components to resonate with the coupler and provide high voltage on the plates. The method achieved an efficiency of 85.87% at 1.88-kW output power with a 150-mm airgap distance.
The advantage of inductive power transfer (IPT) techniques is efficient power transferring at high frequency through a large air-gaps distance. Some authors in [70, 71] have achieved the DC-DC efficiency higher than 95% across 150-mm air-gaps distance. However, when the frequency operation increases, the [69] CPT-wireless batteries charging for drone application eddy current can cause significant temperature and can cause dangerous. In addition, to improve the inductive coupling, the IPT system usually requires ferrite plates which will increase the system cost. In the other hands, the capacitive power transfer (CPT) techniques have two main advantages: (1) the electric field does not generate eddy current, so there is no concern about temperature rising and (2) the CCWPT system used metal plates which can not only reduce the system cost and also the weight.
By combining the advantages of two approaches, Lu et al. in [72] designed a system which comprises of the coupler contained four metal structures equally divided on 2 sides, as shown in Fig. 4 . Each side consists of long strips of metal sheet to increase its self-inductance. In addition, they also used LCL compensation circuit to help CCWPT system resonate with the coupler. As a result, the system achieved 73.6% efficiency of 150-W from DC source to DC load across an air-gap distance of 18mm and 1.0 MHz of frequency operation. The paper designed a system that can transfer the power using both magnetic and electric field simultaneously.
Similarly, Fei Lu et al. in [73] combined both inductive and capacitive coupling methods with LC-compensated topology for charging electric vehicles. The idea is both the inductive and capacitive coupling resonate together using the help of compensation components to transfer power. The output power of the system is the sum of IPT and CPT systems. With the inductive coupler size of 300mm × 300mm, the capacitve coupler size of 610mm × 610mm and the air-gaps equal to 150mm, the prototype achieved 2.84-kW power with input power of 3.0-kW. With this idea, we can improve the wireless charging efficiency for UAVs and also increase the airgap between UAVs and charging plates.
CCWPT: Deployed Systems In [53] , Deepa Vincent et al. proposed a method to wireless charging for unmanned aerial vehicles (UAVs) in farming. This method increased the flight time and range of the UAV and makes it more efficient. They deployed the CCWPT system for UAVs via a master/slave arrangement where the master drone, is considered as a transmitter. The receivers or slave UAVs will have to move to the place of the master UAVs to be powered by the CCWPT method. This is an advantage of the proposed method since UAVs do not have to land to charge thanks to the intermediary UAVs master already connected to the base station. The paper also analyzes the method of wireless energy transfer via capacitive coupling with other applications also need to choose an appropriate air gap. In addition, to achieve the desired mutual capacitance, a high permeability dielectric is a very important element in coupling interfaces.
In [69] , the author presented a design for minimum a component used in the receiver side on CCWPT for the UAVs, as shown in Fig. 5 . In order to reduce the effect on the weight of the collector coil should the body of UAVs. All resonant matching circuit has been put on the side of the transmitter. The author placed on the side of the receiver a number of key components such as a rectifier circuit to obtain DC power from the transmitter coil, the DC-DC buck converter and a charging circuit to better protect the Li-Ion cells battery lifetime. The result is up to 77% efficiency with 8 W of transmitted power. However, it is also influenced by the rectifier components of the diode in terms of switching losses and conduction losses.
In [51] , Mostafa et al. designed a circuit in which they placed components such as transformer, matching circuit and all inductors in the emitting side and the receiving sides contain only small devices using semiconductor elements for DC-DC converter and charge controlling IC for small in size and weight of UAVs. Thus, with less in size and weight, the flying time of UAVs can be longer. As the experimental result, this system can obtain 50% with the output power as 12 W, which is enough to supply power for the 3-cell battery of drones.
Inductive Coupling
In recent years, the inductive coupling (IC) methods based on the resonant and magnetic principle are emerging solutions which is the performance ability of wireless power transmission with high efficiency in short distances. In this section, we review some methods to improve the IC method in the WPT system, specifically for the wireless charging technology of UAVs.
General Principle. Inductive coupling is the nearfield magnetic coupling technique of the power transfer in wireless power transmission for short-range distances [74] . The inductively coupled or magnetically coupled energy transfer uses the magnetic field, caused by an alternating current (AC) to transfer energy between coils of wire which creates an output voltage in the receiver coil. Mutual inductance (M) between two conductors is the including of an electromagnetic field (EMF) in a coil by magnetic flux lines created in another coil. It is a crucial factor to calculate the coupling coefficient k and the mechanism by which transformers work. The intrinsic nature of the inductive coupling techniques is similar to a transformer, included two coils: a transmitter (primary side) coil and a receiver (secondary side) coil. The coupled coils are still weak, caused the distance between a transmitter and a receiver to form an air-gap transformer, applied in electric vehicles, UAVs [75] . The distance between the two coils must be short transfer distance to each other for inductive power transfer (IPT) to work properly. With respect to the long distances, the IC technique is highly inefficient and causes energy consumption for the resistors in the primary coil. The WPT setup has three main functional blocks consisting of a transmitter circuit, a receiver circuit, and a coupling device, as illustrated in Figure 6 . Transmitting circuit converts power source as DC voltage to a high-frequency AC power using a power conversion circuitry. Coupling device components consist of a transmitter coil L 1 and a receiver coil L 2 as an IC device. The relationship between inductive parameters to the electric performance has become the top concern with characteristic parameters:
• A quality factor can be defined for an inductor as the ratio of the peak energy stored in the resonator in a cycle of oscillation to the energy lost per radian of the cycle. A high-quality factor indicates that the wireless system has a better response than a corresponding system having lower quality factor [74] .
Where ω is the frequency in radian/sec.
• The coupling coefficient is the fraction of magnetic flux produced by the current in one coil.
Where M is mutual inductance, L 1 and L 2 are inductive of coils. • The turn ratio of the coil turn number is defined as the number of turn of wire in the transmitting coil to the number of turn of wire in the receiving coil. The turn ration can be expressed:
• Figure of merit (FOM) is a quantity used to characterize the performance of device, system or methods relative to its alternatives.
Q t and Q r are respectively the quality factor of transmitting and receiving coil.
• The efficiency of the WPT system is the ration of the power output to the power input, based on the coupling coefficient (k), between the inductors and their quality (Q). It is denoted by η . The efficiency of a WPT system is given by:
Where P out is the output power, P in is the input power Power is transferred from the transmitting side to the receiving side can be calculated in terms of the obtained efficiency of the WPT system. The maximum efficiency is for the power received and the voltage received by the receiver. This voltage can be further used to charge a given device such as a mobile phone, electric vehicles or the medical devices, etc., and in this article, it is a direct charge for UAVs. Therefore, many authors proposed methods to improve the inductive coupling method based on its principle with key parameters such as frequency, transmitted power, efficiency, and transfer distance to determine the overall system performance.
These key parameters are explained in detail in the following. two directions: the internal impacts and external impacts.
Internal Impacts. The authors in [74, 76, 77] proposed to take advantage of the useful IC for both controlling remotes and power purposes. The experiment in [74] indicated that the coil shapes such as helical, spiral, rectangular and triangular effect to the shape of the inductor coil on the wireless power transmission. The MATLAB software is used to evaluate and parameterize distance, efficiency, FOM, frequency and coupling coefficient and to show the effective power transmission. The result shows that the system is achieved the efficiency is 34.2% at k = 0.75 in the range from 100 kHz to 700 kHz. For each value R L = 70 Ω, C series = 13 -14 nF or C parallel = 6 -7 nF, there are corresponding the maximum power transfer efficiency [78] . They concluded that the selection of the coupling coefficient k at the suitable frequency, the value of the load resistance and the value of series or parallel capacitance is very important and essential to obtain maximum efficiency. Based on the relationship between IC parameter and electrical characteristics, Maulana et al in [76] conducted experiments by changing each value of the related key parameters, such as the distance between coupling device, transmission signal frequency, wire and coil diameter and the ratio of coil parameter in each experiment to analysis the impact of them on the power efficiency. The result illustrated that the transfer energy can reach higher efficiency of 35.85% at 40 µH a low inductance value.
Yang et al analyzed inductive coupling (IC) coils in [77] . The determination of mutual inductance between wires is used in addition to the reflection load theory. Therefore, the wireless power transmission distance is extended, based on coil size requirements and the optimization of system performance. They considered in terms of the power transmission efficiency and power supply to load by calculation FOM to optimize the performance of the WPT system. The optimal distance was achieved up to 50%, and the power transmission efficiency is more than 78% when applied to this theory for calculating the mutual inductance between coils in 2-coil and 4-coil WPT system. Figure 7 . Equivalent network of a mixed WPT setup A mixed WPT system with series topology determined the optimal load is proposed in [79] . The inductive wireless power transfer (IPT) and capacitive wireless power transfer (CPT) are arranged in a parallel and series topology. However, the author just did an experiment with a series topology of mixed WPT, given a system efficiency of 94,5 at f = 1MHz. To evaluate the performance of mixed WPT systems, a reference point is the maximum achievable power transfer, calculated to serve. They found that a non-zero reactance is necessary to compensate for the complex input impedance of the system. The maximum achievable power transfer was calculated to serve as a reference point for evaluating the performance of mixed WPT systems.
Almost all aforementioned methods solved distance problems between the transmitting coil on UAVs and the receiving coil on landing area which is the big challenge of UAVs, shown in Figure 8 . Besides, UAVs pose the weight challenge of its when we add more devices to UAVs.
External Impacts. The WPT technology applied to recharge the battery of the small UAVs. The problem is how to reduce the weight, size and magnetic field emission electromagnetic interference (EMI), electromagnetic compatibility (EMC) of UAVs.
With respect to the system configuration, one of the methods to reduce energy loss is the material choice as ferrite materials. They are considered as a partial magnetic core for connecting between coils. These blocks are replaced in the ambient of the transmitting coil to improve the coupling factor, whereas the receiving coil has not ferrite blocks to decrease the onboard weight [80, 81] .
In [82] , the authors proposed to optimize the WPT system from the construction of required constraints on geometry and power. The rectangular receiving coil is proved to be the best fit to support landing for UAVs. The battery of the UAVs is fully charged in about an hour therefore they used Lizt wire cable to minimize AC inductive losses. The maximum efficiency is η max = 93% at N 1 = 10, N 2 = 2, based on Series-Parallel compensation topology. The efficiency system is achieved up to 85% at all points in the charging area as 50 × 50 (cm 2 ). A 3 × 2 with O w = 60 mm and O L = 70 mm covered this entire area [82] .
Figure 8. The WPT charging configuration
Some practical experiments [80, 83] commonly used the DJI F550 drone or small UAVs to evaluate the magnetic field levels emitted by the WPT coil current. Using a mobile positioning system for the transmitting coil to ensure a correct tolerance to misalignment conditions. The transmitting coil is placed on a 2axis system, whereas the receiving coil is placed on the landing skid of the landing gear to reduce the air gap between the coils to few millimeters and to increase the value of the coupling factor k. UAVs start scanning the landing area from the center of the area to find the optimal point and then the input impedance is calculated moving the mechanical position system in some specific points selected by an optimized procedure to reduce the scanning time. The process ends when the measured input impedance is greater than or equal to 95% of the maximum impedance Z max , leading to a minimum efficiency of η = 90% for the WPT system when using this proposed method [83] .
Most recently in 2019, the principle of determining the position of the sensor is based on the measurement of the magnetic field. It varies based on the relative position of the receiver and receiver coils. The position of the receiver is located the test results of the sensor matrix and then is decided which coils among the transmission matrix to be controlled as charging coils. The authors upgraded the sensor system to find the optimal location for charging the power of the UAVs. They [84] solved the problem to improve the performance of the WPT system and to reduce electromagnetic radiation, a form of radiated or transported energy that does not require a medium in order to propagate, unlike mechanical waves such as sound and vibrations, by a novel parallel transmission coil matrix structure.
Resonant Inductive Coupling
Our paper in this section focuses on resonant inductive coupling (RIC) techniques of the WPT system. Firstly, the general principle is different between IC techniques and RIC techniques. Secondly, we review how to improve the efficiency of the RIC WPT system and its highlights in the application for the UAVs in the last section. General Principle. RIC or electrodynamics induction is the near-field wireless transmission between two coils that tuned to resonate at the same frequency. The coupling devices are turned wire coils and the resonance coupled transformer. RIC is an improvement circuit of inductive coupling, operating in the midrange. Two coils at each side are added to the serial resonance capacitor, shown in Figure 9 , thus adjusting the circuits to resonate at the desired frequency [75] . Greater distances can be achieved by using RIC techniques. this supports mobile applications and does not need a proper alignment between a receiver and transceiver in wireless power transmission [85] .
A general configuration of the RIC-WPT system is illustrated in Figure 9 , three parts: power source, transformation (resonant coupling), transmission and other parts. The transmitter and receiver coils are coupled to resonant coils via inductive coupling by mutual inductance, and the resonant coils perform Figure 9 . Typical resonant coupling system wireless power transmission based on electromagnetic (EM) effect. The power system on the two resonators is gotten through the IC to obtain the conversion of low current/high voltage and high current/low voltage between resonators and transmitter or receiver coil. During the resonant state, the transmission loss significantly reduces due to high impedance performance. V 1,2 , I 1,2 , C 1,2 and R 1,2 are the voltage, current, capacitance and resistance of transmitter and receiver resonator, respectively; I S,L , L S,L , and R S,L are current, induction and resistance of source coil and device coil; V L is load voltage; R L is load resistance; M S1 , M 12 and M 2L are mutual inductance between the coils [86] .
The RIC technique of the WPT system has emerged to solve the problems of the efficiency in terms of the distance between the power transmission coil and the power receiver coil and the resonant frequency band. Because of a bad conducting condition, inductive coupling (IC) loses most of its energy to the air. When a distance between the transmitting and receiving coils increase, efficiency reduces significantly. The two inductor coils must have high inductance by adding resonant capacitors to increase efficiency. The maximum power transfer in the RIC technique is depended on the coupling coefficient (k) and the quality factor (Q) of the coil. Even if the coupling coefficient is low, power transfer can be obtained maximum by increasing Q coils. This is the most different from the IC method. But, several problems need to be overcome to implement the resonance inductive coupling method of WPT.
In the RIC-WPT system, the resonant frequency, transfer distance, coupling coefficient, and quality factor, etc. are major factors that directly affect the transfer power and transfer efficiency. There are explained in detail in the following.
Transfer power. Jose et al. [87] performed experiment with WPT using weakly coupled magnetostatic resonators. As shown in Figure 9 , the author gave the condition of the coupling coefficient k following quality factors, given by Equation 1 and the ideal maximum efficiency (η max ):
Where Q t and Q r are respectively the quality factor of the transmitter and receiver resonators. The maximum power transfer is given by:
The experiment result is the maximum efficiency of η max = 95%. If the distance between the two coils is larger than 4 to 8 times the coil radius (d > 4 : 8r), the coupling becomes weak given by Equation 6 . In addition, if the quality factor is 1000, energy transfer efficiency obtained 10% with transmission distance d greater than 9 times the radius (d > 9r).
Samalin et al. in [88] analyzed the effect of design parameters on the transmission power of the RIC-WPT system. The resonant frequency band between the charging coils are coupled very strongly. Therefore, the maximum power transfer obtained is here. In addition, the impact of the vertical spacing (d) between the transmitting and receiving coils on the power transfer is revealed. For example: at the same frequency as 22.20 kHz, the power transfer efficiency is 86% with d = 12 cm. While power efficiency reduces to 84% at d = 10 cm.
The efficiency of WPT in the resonant inductive link is directly proportional to the magnetic field. Based on this, Sahany et al. in [89] researched the influence of the critical separation air-gap allied with the coil dimension on maximum WPT in a resonant inductive bonding. The proposed solution used the equivalent circuit model and analysis of the most accurate magnetic field to build the transmission energy to the load, then combine them with the design of coil parameters to assist in finding the optimal distance gap. Where the strongest magnetic field, it always exists an optimal separation gap. In the future, the design direction for the WPT system will be selected as the optimal separation gap between instead of changing the other design parameters.
The resonant inductive coupling includes transmitting and receiving coils. Both are connected to a compensation network (capacitors and inductors) in order to improve the transmission power efficiency of the system. The relationship between the operating frequency and the electrical loads is also indicated in [90] that the maximum power transfer occurs for a resonant frequency band and coupled region with different electrical loads. The resonant coil can create a very strong magnetic field. Therefore, the energy will be concentrated where the frequency has a proper resonant frequency. That greatly supports energy transfer performance over longer distances.
Transfer efficiency. The conventional receiver works on low efficiency. Therefore, many authors tried to find ways of getting higher efficiency. Cannon et al. in [91] designed the multiple load coils with lumped capacitors at the coil terminals and the operating frequency as 8.3 MHz. By applying multiple receivers at the load, the resonant frequency splitting issues occur when two receivers are in close enough proximity and Q resonant coupling is high which helps to increase the system efficiency. The result of the voltage drops was from 3 V to 0.57 V at the distance between two coils as 17 cm. The transmitting power at the corresponding receiver coil is 3.3 mW.
Kiran et al. used three-coil inductive resonant coupled for the WPT system. By calculation and simulation, then compared with the traditional structure of two coils, the efficiency of three-coils is higher because of the magnetic coupling increases. Besides, the value of the intermediate coil and external capacitors affects the output voltage and the power transfer. However, one challenge is how to choose the device size, proper capacitor and the coupling distance between the transmitter and receiver [92] . Also compared with the traditional two-coil systems, the transmission distance between the transmitting and receiving resonators can be extended up to 2m by the 4-coil systems. However, the energy efficiency system just achieved as 15% [93] . Therefore, the impedance matching combined with the four symmetric coils (4-resonator) is used to improve the efficiency of WPT. The load impedance should match the source impedance by changing distance variations combined with adjusting the coupling parameters for achieving high efficiency. The highest efficiency reaches 92.5% at a distance of 15 cm and is 32.1% at a distance of 1 m. The higher efficiency are 46.2% and 29.3% at 60 cm and 1 m [94] . Therefore, the matching condition is suitable for close distance.
In 2012 [95] , Xue et al. presented the optimal resonant load transformation, show in Figure10. Printed spiral coils with discrete surface mount components at 13.56 MHz power carriers are to change and improve the factor Q and coupling coefficient k. The power transfer efficiency can be achieved by 58% at 10 mm distance from the external coil. Kato, Masaki et al. [96] used DC-DC converter. In order to improve the transmitting efficiency, they focused on the load impedance. The load impedance is controlled by using a DC-DC converter based on the derived equation. DC-DC converter changed load impedance by changing the switching duty ratio without changing load resistance. Thus, efficiency can be enhanced. The authors combined the RIC-WPT system with a class-E inverter as a transmission to improve the overall efficiency of the system because zero voltage switching and zero derivative switchings (ZVS/ZDS) are conditions to reduce the switching loss softswitching technique and to obtain high power-delivery efficiency. With 1 MHz of resonant frequency and 50 Ω of load resistance, the efficiency of two coils proposed system reached to 49.4% [97] . In [98] , by adding more class-DE rectifier as a receiver and designing the specification for self-inductance, resistances, the system achieved a better result at 73% overall efficiency or 9.87 W (50 Ω) output power, coils distance of 10 cm.
Deploy System. A WPT system based on the resonant inductive coupling is applied to recharge the battery of small UAVs. In some experiments, the authors realized and applied to the DJI F550 drone. Besides, a Litz wire is used to reduce AC inductive losses. The
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Wireless Power Transfer Near-field Technologies for Unmanned Aerial Vehicles (UAVs): A Review EAI Endorsed Transactions on Industrial Networks and Intelligent Systems 10 2019 -01 2020 | Volume 7 | Issue 22 | e5 transmitting(primary) coil is located on a terrestrial base station with some ferrite blocks to improve the coupling factor, while the receiving(secondary) coil has not ferrite blocks to reduce the on-board weight. The operation frequency is fixed to 150 kHz [80] .
In 2007, Aldhaher, and his colleagues [52] experimented to allow flying drones to be charged in mid-air. The WPT system operates in the MHz region without the need for ferrite, to do that it is integrated into softswitching resonant inverter and rectifier topologies. That helps the system operate efficiently in conditions tens of MHz and hundreds of watts. The mid-air WPT system is designed f =13.56 MHz to supply power for UAVs over a distance of 12 cm. It includes the DC/AC inverter using a load-independent class-EF inverter, transmitting coil, drone and receiving coil, rectifier and DC/DC converter using a Class-D rectifier.
Besides changing the parameters in [99] to improve the performance of the system such as R = 0.265 m, C = 0.1 µF for the resonant coils, f resonate ≈ 189 kHz and Q ≈ 192 (dimensionless). A 2 Ω is applied for the 5 V supply, the system has 12.5 W. PD controller is used to adjusting and optimizing the power transfer from a UAV. They have designed more ground sensors, to communicate the information position between the transmitter and receiver coils or between the aerial Power Transfer and static power transfer. They developed a control algorithm that is able to optimize the received power even while the aerial Power Transfer prevents it from maintaining the optimal position for power transmission. The transmitter is light and efficient enough for the UAVs to carry and operate. With static power transfer, 35% is the highest efficiency from these tests. The aerial power transfer can transfer power nearly 5 W continuously from the UAVs to the ground sensor.
Campi et al. [22] The RIC wireless transmission method is applied to charge UAVs during the takeoff and landing process. They are interested in the design of improved receiver and receiver coils. During the landing process, it will inevitably deviate from the position needed to charge. Therefore, an array of coils is installed on the ground, making it easier to land the charging point. They are made by a copper Litz wire to mitigate AC losses. On the other hand, the receiving coil, which is attached directly to the landing gear of the UAVs, should also be considered to reduce the weight and size of them. To complete the landing process, they also used means to communicate with the base station using a sensor circuit containing a current probe. Through practical experiments, the research has shown positive results when UAVs can automatically land and then complete charging in about an hour.
However, the existing research efforts are facing the challenges associated with UAV charging. The following section attempts to assess the opportunities and challenges of near-field WPT technologies for UAVs.
Opportunities and Challenges
Today, the world is witnessing an explosion of wireless power transfer (WPT) technology for a variety of applications such as wireless sensor nodes (WSNs), UAVs, etc. The support of this technology for UAVs' battery charging power opens up opportunities for new research direction, challenging scientists to remove the limits of technology and their applications. In this section, we take a look at the challenges and opportunities posed for the near field -WPT technology to be adopted by UAVs.
Challenges
From sorting and reviewing, there have been four main challenges facing energy transfer technology for UAVs. The first is the dimensions of the coils, especially the receiver coils the energy coils because they are directly placed into the body of UAVs. UAVs need to require things attached to it to have a weight limit, so as not to affect flight. In addition, if the coil size is too small, it also affects the quality factor and the coupling factor is reduced. Another fact is that there is only one receiver, but there may be more than one power transmitter. Therefore, the transmission efficiency system is affected. Yang et al. designed a new direction for the RIC method. It included multiple-input multiple-output (MIMO) in WPT systems. The multiple transmitters are used to improve the efficiency of simultaneous power transfer to multiple receivers [100] . In the process of UAVs performing the task of transmitting information data online, having a high frequency operating to transmit power for the battery of UAVs causes disturbance in the space in which UAVs transmit information in the environment, even in the long term, it also affects human health which is causing increased heat that can be a safety issue. This is the second challenge in terms of operating frequency.
For transmitting wireless energy at the near-field, the proper wireless transmission distance guarantee is an extremely important factor. The greater the transmission distance, the greater the transmission energy inevitably decreases, because the transfer distance and efficiency are inversely proportional to the transmission distance. In addition, they face the fourth challenge in terms of angular deviation in the supply power process called misalignment. One of the main limitations of inductive coupling (IC) and resonant inductive coupling (RIC) methods is sensitive to transmitting and receiving coil alignment. In order to optimize the Optimize energy transfer performance, the misalignment transmission angle between the [84] designed a novel misalignment-insensitive WPT structure. The transmission coil considered as the measuring coil that adds an integrated circuit for position detection. The design helps improve transmission efficiency and at the same time effectively reduce EMR and the weight for UAVs.
Opportunities
The WPT technology can be completely replaced for the wire power transfer such as charge wirelessly and continuously for laptops, mobile phones, wireless sensor networks (WSNs), etc. Their invisible hands can reach out to far and far places, even reaching out to outer space. The near-field is non-radiative of WPT techniques that are much more effective for small and medium-range applications. They are relatively safe for the human body and also have no effect on the surrounding non-metallic or non-magnetic objects [101] . The development of wireless power transmission technology has led to the development of its applications. At the same time, it has had a lot of research and development to take full advantage of the technology's efficiency with each different application, especially for charging batteries for UAVs. In the future, there will be an occurrence of the methods to optimize the supply power for UAVs autonomous charging. For example, the new direction is the wireless intelligent charging device using solar energy to expand the application of UAVs [102, 103] . The experimental results of Yang et al. shown that power transfer for UAVs is 64.87 W with 57.94 % transfer efficiency. He also proved that the new battery charging system is less affected by angular misalignment.
The problem of energy restriction is not unique to any application such as the energy restriction provided to the sensor node system [104] . Therefore, Mittleider et al. [105] deployed a new direction for charging WSNs based on UAVs. Thanks to the magnetic resonance sensors, UAVs can pinpoint the exact charging position at a distance of about 15 cm. The technique of magnetic resonance inductive of wireless energy transmission is applied to use charging UAVs for the WSN systems. The charging capacity is achieved at 5.49 W with a distance of about 6 cm. Therefore, the communication range of WSNs is extended. In addition, charging for UAVs is also possible via a master UAVs. That is a lot more convenient because UAVs can be charged directly in the air. The combination of methods and applications is becoming a common trend of research. That helps them to overcome the weaknesses for each other and especially replace the human hands completely automatically.
Conclusions and Future Work
In this paper, we have briefly discussed our view on near-field techniques: capacitive coupling, inductive coupling, and resonant inductive coupling methods are addressed respectively to provide the possible ways to apply these for UAVs. This also makes clear that both inductive coupling and resonant inductive coupling are suitable choices than capacitive coupling for transmission and charging power for the battery of UAVs.
Combining all improvement methods and new designs of the above, the physical elements, circuits and the design of the resonators, etc. are main factors to perform high-transfer distance and maximum power transfer during angular or axial misalignment, to reduce power losses and the effect of EM waves when the high-oscillation frequency is used. The resonant inductive coupling is being widely used in short and mid-range wireless transmission systems like applied to extend the range of UAVs.
